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Clusters of codons pairing to low-abundance tRNAs synchronize the translation with co-transla-
tional folding of single domains in multidomain proteins. Although proven with some examples,
the impact of the ribosomal speed on the folding and solubility on a global, cell-wide level remains
elusive. Here we show that upregulation of three low-abundance tRNAs in Escherichia coli increased
the aggregation propensity of several cellular proteins as a result of an accelerated elongation rate.
Intriguingly, alterations in the concentration of the natural tRNA pool compromised the solubility of
various chaperones consequently rendering the solubility of some chaperone-dependent proteins.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ribosomes translate themessenger RNAs at a non-uniform speed
which is shaped by several different factors, including codon usage,
tRNA concentration and speciﬁcity of codon-anticodon interactions
[1–3], tRNA charging [4], codon pair preferences [5], secondary
mRNA structure [6–7], mRNA sequences speciﬁcally interacting
with the ribosomal rRNAs [8], nascent-chain-ribosome interactions
[9–11] or amino acid charge [7]. Transient attenuation of the elonga-
tion of the nascent chains is involved in translational regulation [6],
protein expression [12], co-translational folding [13–14], mem-
brane insertion and translocation [9,11]. While nascent-chain med-
iated ribosome stalling [9–10] affects the translation speed of a
cognate gene, speciﬁc mRNA sequences [8] or the redundancy of
the genetic code providemore general mode to inﬂuence ribosomes
trafﬁc along the mRNAs for regulatory purposes.
Different codons are read by tRNAs which largely vary in their
abundance [15] thus the ribosomes translate each codon with dif-
ferent speed. Fast-translated codons tend to dominate in highly ex-
pressed genes [16] and preferably encode buried residues most
likely to reduce the frequency of translation errors at aggrega-
tion-prone sites [17]. Clustering of slow-translating codons, i.e.
that pair to low-abundance tRNAs, facilitate the hierarchical co-
translational folding of single domains in multidomain proteinschemical Societies. Published by E
tova).
ring, Jinan University, Huang-[3,18]. Furthermore, synonymous substitutions alter the conforma-
tion and physiological function of the protein [12,19–21]. How-
ever, our knowledge on the effect of ribosomal speed on protein
folding is limited to few examples.
Here, we present a cell-wide study on the effect of changes of
the tRNA concentrations on protein folding and solubility. We
show that upregulation of low-abundance tRNAs alters the solubil-
ity of many E. coli proteins rendering them aggregation-prone.
Among them we identiﬁed proteins with crucial cellular functions,
e.g. chaperones. Although bias in the codon usage and tRNA abun-
dance have been proposed to have coevolved [22], changes of both
may have different signiﬁcance for a cell. Primary effect of a change
in the coding sequence of the mRNA (including silent mutation) is
restricted to the particular gene while the changes in the tRNAs
levels globally impact the cell. We conclude that acceleration of
the elongation rate has deleterious effect on the folding and phys-
iological function of many cellular proteins and may negatively im-
pact cellular ﬁtness in general.
2. Materials and methods
2.1. Strains, culture conditions and isolation of aggregated proteins
The following E. coli strains BL21(DE3), BL21(DE3)-CodonPlus-
RIL (Stratagene), MC4100 and MC4100 DdnaKdnaJ [23] were used.
pRIL plasmid was isolated from BL21(DE3)-CodonPlus-RIL and
transformed into MC4100 cells. Cells were grown at 37 C (BL21-
based strains) or 34 C (MC4100-based strains) in LB medium
supplemented with chloramphenicol (100 lg/ml) for the cellslsevier B.V. All rights reserved.
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titative isolation of aggregates, cells in the exponential phase
(OD600 < 0.8) were harvested, lysed by sonication and subjected
to aggregate isolation using the procedure described previously
[24].
2.2. Aggregate analysis by 2D-gel electrophoresis and identiﬁcation by
mass spectrometry
The pellet of the aggregated proteins was resuspended in 2D-gel
electrophoresis-rehydration buffer containing 4 mM 4-(2-amino-
ethyl)benzenesulfonyl ﬂuoride and resolved on a 2D-gel electro-
phoresis using non-linear immobilized pH 3–10 strips (GE
Healthcare). Protein spots were excised from the Coomassie bril-
liant blue-stained 2D-gels, vacuum dried, trypsinized and analyzed
by mass spectrometry on a Microﬂex LRF MALDI-TOF mass spec-
trometer (Bruker-Daltonics).
2.3. RNA analysis and polysome proﬁles
Total tRNA was isolated as described elsewhere [25] and the
quality was veriﬁed with the absorbance ratio A260nm/A280nm. The
tRNA was analyzed on 10% (w/v) denaturing acrylamide gel
(200 mm  500 mm  1 mm) and quantiﬁed with real-time qPCR
using speciﬁc primers for each tRNA and normalized to the 5s rRNA
concentration [26]. Statistical analyses of the real-time qPCR data
were performed with a t-test.
The total fraction of translating ribosomes was resolved by cen-
trifugation on a sucrose gradient after fractionation of the cells fol-
lowing the procedure described elsewhere [26]. To stabilize theFig. 1. Upregulation of tRNA4Arg, tRNA2Ile and tRNA3Leu enhances the aggregation of some
detected by denaturing gel electrophoresis (A) and qRT-PCR (B). (A) The band at 85 nt
from a reference ladder. (B) Values were normalized to the intrinsic 5s rRNA and shown
used as a control. The cytoplasmic proteins partitioning into the insoluble fraction of
relevance of this observation was assessed by a Fisher’s test revealing a P < 1016. Equal am
mass standards are shown on the right side of each image in kDa.ribosome-mRNA complexes, chloramphenicol to a ﬁnal concentra-
tion of 2 mg/ml was added prior to harvesting the cells. The poly-
some proﬁles were recorded by slowly pumping out the fractions
from the bottom of the sucrose gradient and A254 nm was moni-
tored by a ﬂow-through UV spectrophotometer. The fraction corre-
sponding to the polysomes was collected and total RNA isolated
with the hot/acid phenol method and 1% (w/v) SDS [27].
3. Results and discussion
To assess the effect of the overexpression of tRNAs on the
protein pool of the host cell we compared two strains E. coli
BL21(DE3) and E. coli BL21(DE3)-CodonPlus-RIL. The latter bears
additional copies of three low-abundance tRNA genes on the
pRIL plasmid (P = 0.0015, single-tail Kolmogorov–Smirnov test)
expressed under their own promoters: argU encodes tRNA4Arg
that pairs to arginine codons AGA, AGG, ileY codes for tRNA2Ile
that pairs to AUA (Ile) codon and leuW encodes tRNA3Leu that de-
codes CUA (Leu) triplet. The expression of the pRIL-encoded
tRNAs led to an enrichment of a band of 85 nt in the E. coli
BL21(DE3)-CodonPlus-RIL cells (Fig. 1A). Although the three
tRNAs differ in their length (85 nt tRNA3Leu, 77 nt tRNA4Arg
and 76 nt tRNA2Ile) clearly the resolution of the gel was not
sufﬁcient to separate the different isoacceptors [28]. Thus, we
further analyzed the level of upregulation of each single tRNA
by qRT-PCR (Fig. 1B). Compared to the levels in E. coli BL21(DE3)
cells, tRNA4Arg, tRNA2Ile and tRNA3Leu were upregulated in E. coli
BL21(DE3)-CodonPlus-RIL by 27.0 (P = 5.2  1015), 4.8
(P = 5.7  107) and 4.9-folds (P = 4.7  103), respectively. The
control tRNACys showed no considerable differences in bothproteins in the E. coli cytoplasm. The concentration of the three tRNAs increased as
is highlighted with an arrow. The numbers denote the nucleotide length estimated
as fold change (log2; mean ± SD) to the control E. coli BL21(DE3) cells. tRNACys was
E. coli BL21(DE3)-RIL (C) or E. coli BL21(DE3) (D) were resolved on 2D-PAGE. The
ount of cells in both experiments were used. pI denotes isoelectric point; molecular
Fig. 2. The fraction of the proteins partitioning into the insoluble fraction increases in both E. coli MC4100 DdnaKdnaJ (A) and MC4100-RIL cells (B). Insoluble cytoplasmic
proteins were isolated from 100 ml cultures of MC4100DdnaKdnaJ with OD600 of 0.5 and from MC4100-RIL cells with OD600 of 0.63 and resolved on 2D-PAGE. pI denotes
isoelectric point; molecular mass standards are shown on the right side of each image in kDa.
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gesting that upregulation of the three speciﬁc tRNAs did not al-
ter the concentration of the remaining tRNAs.
As the tRNA concentration is a crucial parameter determining
the rate of translation of a single codon [26,29], we next used the
elevated concentrations of these three tRNAs to theoretically pre-
dict their effect on the ribosome speed for all E. coli cytoplasmic
proteins using RiboTempo algorithm [29]. RiboTempo predicted
an altered translation patterns with loss of putative pausing sites
for approximately 300 cytoplasmic proteins in E. coli BL21(DE3)-
CodonPlus-RIL cells most of which are involved in the cellular
metabolism (63%) or information transfer (20%) (Table S1 and
Fig. S1). If an acceleration of the elongation is related to the folding
of a protein, we reasoned that it would increase its propensity to
aggregate. Thus, to experimentally assess the effect of elevated
tRNA levels on the aggregation propensity of the cytoplasmic pro-
teins, we isolated the insoluble cytoplasmic fraction from E. coli
BL21(DE3)-CodonPlus-RIL and analyzed it by 2D-PAGE (Fig. 1C).
A large number of aggregated proteins was identiﬁed in the insol-
uble fraction of cells with upregulated tRNAs, tRNA4Arg, tRNA2Ile
and tRNA3Leu, as opposed to the control cells (Fig. 1C and D). The
molecular mass of aggregated proteins covered a broad molecular
mass range 15–130 kDa with somewhat enrichment for larger
proteins (Fig. 1C); more than 70% of the spots had a molecular
mass higher than 35 kDa which is in accordance with the theoret-
ical observation that slow-translating regions are more frequently
observed in longer proteins [29]. It should be noted that in the con-
trol cells the elongation factor Tu (EF-Tu) aggregated, which oc-
curred most likely during the processing of the samples and isFig. 3. (A) Polysome proﬁles of E. coli BL21(DE3) (black) and E. coli BL21(DE)-CodonPlus
(2), tri- (3), tetrasomes (4) or occupied with more than 4 ribosomes (>4x) are desig
tRNA3Leu (P = 4.4  105) in the polysomal fraction of E. coli BL21(DE)-CodonPlus-RIL cell
Values were normalized to the total RNA of the polysome fraction and shown as fold chdue to its high aggregation propensity when losing the nucleotide
(GTP or GDP) [30].
We next identiﬁed the aggregated protein spots by mass spec-
trometry and compared them with the output of the in silico pre-
dictions with RiboTempo (Table S2). The majority of identiﬁed
proteins contain at least one putative slow-translating region
(Table S2). However, 30% of the aggregated proteins we identiﬁed
by mass spectrometry are predicted to be synthesized with rather
smooth elongation rate and should have not been inﬂuenced by
the upregulation of these tRNAs in the E. coli BL21(DE3)-Codon-
Plus-RIL cells. The following reasons may account for the increased
aggregation propensity of those proteins: (i) coaggregation with
proteins with perturbed translation proﬁle or (ii) impairment of
the chaperone system with deleterious consequences for proteins
whose folding is strongly chaperone-dependent. In the aggregated
fraction we detected several chaperones and heat-shock proteins.
Moreover, RiboTempo also predicts for some chaperones, including
the bacterial Hsp70/40 system (DnaK/DnaJ), sHsp and ibpB, a
rough translation proﬁle which will be inﬂuenced by the upregula-
tion of tRNA4Arg, tRNA2Ile and tRNA3Leu (Fig. S1 and Table S1). To
further distinguish between proteins which are clear substrates
of the DnaK/DnaJ family and thus may have aggregated in the
E. coli BL21(DE3)-CodonPlus-RIL cells due to the compromised
function of DnaK/DnaJ, we analyzed the aggregated protein pool
under depleted DnaK/DnaJ conditions. Compared to the conditions
with upregulated tRNA4Arg, tRNA2Ile and tRNA3Leu, much larger
fraction of proteins aggregated in the DdnaKdnaJ strain (Fig. 2);
similar amount of aggregates in DdnaKdnaJ cells have been
previously observed [23,31]. Many spots overlap between the-RIL cells (gray). Peaks corresponding to 50s ribosomal subunit and mono- (1), di-
nated. (B) The concentration of tRNA4Arg (P = 3.5  106) tRNA2Ile (P = 2  107) and
s (panel A, gray) increased upon their upregulation (Fig. 1B) as detected by qRT-PCR.
ange (log2; mean ± SD). The 23s rRNA and tRNACys were used as controls.
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the overall patterns differ signiﬁcantly (P = 3.7  106, Fisher’s
test) suggesting that alterations of the chaperone activities in the
MC4100-RIL cells led to aggregation of some DnaK/DnaJ substrates
as a secondary effect; the latter are predicted to have smooth
translation proﬁle. Importantly, some of the aggregated protein
spots in MC4100-RIL cells are unique (Fig. 2) implying that altera-
tions in the translation speed are the only causative for their
aggregation.
To test if the elevated level of protein aggregation is a result of
the changed translational kinetics, we next determined the global
elongation using polysomal proﬁling. We repeatedly observed a
shift of the number of translating ribosome to the light polysomes
when upregulating the three tRNAs as opposed to the control cells
(Fig. 3A) which is indicative for a globally accelerated elongation
speed [32]. In addition, the pool of the free ribosomes (50s peak)
also increased which may globally impact the cell biogenesis
[33]. Importantly, the upregulated tRNA4Arg, tRNA2Ile and tRNA3Leu
are actively used in translation tRNAs as their concentration in the
polysome fraction increased (Fig. 3B). Next, to assess the impact on
the increased elongation rate on the cell growth, we determined
the growth rate of different E. coli cells. The growth rate of E. coli
BL21(DE3)-CodonPlus-RIL cells was reduced to 2.12  102 ± 2 
104 min1 compared to the growth rate of 2.43  102 ± 5 
104 min1 of the control E. coli BL21(DE3) cells. The observed dif-
ference of 13% decrease of the cell growth is small, but signiﬁcant
(P = 3.7  105, t-test) implying that the tRNA-based acceleration
of the elongation speed has negative consequences for the cells.
Similarly, the growth of E. coli Rosetta strain, another BL21(DE3)-
derivative strain containing additional copies of tRNA genes,
showed a growth reduction of 15% (rate constant of 2.07 
102 ± 3  104 min1) thus supporting the trend that a global
acceleration of the translation renders some proteins aggrega-
tion-prone which consequently inﬂuences cell ﬁtness.4. Conclusions
The upregulation of low-abundance tRNAs triggers partitioning
of a substantial fraction of cytoplasmic proteins into aggregates in
E. coli. The effect is due to alterations in the translation proﬁle and
subsequently of the co-translational folding of some proteins [3].
Furthermore, the upregulation of tRNAs has a deleterious effect
on the cellular chaperone pool whose compromised translation
pattern renders them also aggregation-prone and decreases the
cellular capacities to buffer misfolding of other cellular proteins.
As a result, the cellular growth decreases which however cannot
be unambiguously assigned whether is an outcome of a depleted
function due to aggregation of the corresponding protein or a con-
sequence of compromised chaperone activities. Enhancement of
translation speed alters not only the folding efﬁciency of the cellu-
lar protein bulk but may have deleterious effect on the heterolo-
gous proteins [34]; using strains with globally decreased
translation rate proves to be efﬁcient in expression of some pro-
teins [35]. Introducing silent mutations to preserve the natural
translation pattern of a gene of interest in the expression host
rather than global acceleration of the elongation might be a more
successful strategy to enhance heterologous protein expression.Acknowledgements
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